A hybrid cell line secreting monoclonal antibody 2H9c (mAb 2H9c) with measles virus haemagglutinin (HA) specificity was produced. The mAb 2H9c was non-reactive in haemagglutination inhibition and neutralization assays. A protein of apparent mol. wt. 79000 was immune-precipitated using a Triton X-100/SDS/sodium deoxycholate detergent buffer and two proteins with mol. wt. of 79000 and 69000 were immuneprecipitated using 1% Nonidet P40/sodium deoxycholate buffer in SDS-PAGE assays. Similar results were obtained with other anti-HA monoclonal antibodies, supporting the assumption that mAb 2H9c was directed against the HA polypeptide. The indirect immunofluorescence (IFA) staining pattern of acetone-fixed infected cells with mAb 2H9c differed substantially from that with other HA-specific monoclonal antibodies. Kinetic studies revealed that the reactivity of mAb 2H9c lagged behind other HAspecific monoclonal antibodies by 18 to 36 h post-infection in IFA assays. This suggests that mAb 2H9c may be directed against a binding site that arises late in infection, possibly as a result of a conformational alteration of the HA polypeptide.
INTRODUCTION
Immunoelectron microscopic studies have suggested that the antigenic determinants for the haemagglutinin (HA) of measles virus reside on trypsin-sensitive spikes, which protrude from the membrane of infected cells (Armstrong et al., 1982) . The production of measles virus HAspecific monoclonal antibodies has facilitated the characterization of these antigenic determinants (McFarlin et al., 1980; Birrer et al., 1981 ; Trudgett et al., 1981 ; Togashi et al., 1981 ; Giraudon & Wild, 1981 ; Bohn et al., 1982) . Measles virus HA binding sites have recently been categorized into five biological function groups based on the reactivity of HA-specific monoclonal antibodies in haemagglutination inhibition (HI), haemolysin inhibition and neutralization (NT) assays (ter Meulen et al., 1981) . Competitive radioimmunoassay was used by Carter et al. (1982) to condense these five functional groups into three binding groups which recognize different, but overlapping, areas of the HA molecule, thus proposing the physical relationships among the binding sites.
In the present study monoclonal antibodies to the HA polypeptide were produced, from which monoclonal antibody 2H9c (mAb 2H9c) was selected for study in detail. It was of special interest because its specificity was directed to an HA epitope that was only detected late in infection. The biological and physical characteristics of mAb 2H9c were compared to those of mAb 1-41 A, kindly provided by Dr E. Norrby, Karolinska Instituter, Stockholm, Sweden. The results suggest that the HA polypeptide undergoes a conformational change late in infection resulting in the appearance of the mAb 2H9c specific binding site.
METHODS
Virus and tissue culture. The Edmonston strain of measles virus was used for all assays and antigen preparations.
African green monkey kidney (Veto), Buffalo green monkey kidney (BGMK) and HeLa cells were propagated in 32 oz bottles with Eagle's minimum essential medium (MEM) in Earle's balanced salt solution (BSS) supplemented with 10H (v/v) foetal bovine serum, L-glutamine (3 raM), 0-22 ~ NaHCO3, penicillin and neomycin (250 units/ml), streptomycin (250 gg/ml), bacitracin (2-5 units/ml) and fungizone (1 gg/ml). Human foetal diploid lung (HFDL) and kidney (HFDK) cells were propagated in a similar manner with Eagle's MEM in Hanks' BSS except that the concentrations of fungizone, penicillin and streptomycin were decreased by half, and neomycin and bacitracin were omitted from the medium. The NS-1 cell line, derived from MOPC-21, a BALB/c myeloma cell line (K6hler & Milstein, 1975) , and the hybrids obtained from their fusion with mouse spleen cells were grown in RPMI supplemented with 20~ foetal bovine serum under conditions described by Oi & Herzenberg (1980) . Antibody assays for characterization ofmonoclonal antibodies. The HI test was performed according to a method described by Norrby & Gollmar (1975) . Measles virus antigen was prepared by sonication of infected HeLa cells suspended in Hanks' BSS to 5 ~ of the original culture fluid volume, and clarified by centrifugation at 700 g for 20 min at 4 °C. Hybridoma culture fluids and ascitic fluids were tested at doubling dilutions beginning at 1:2 and 1:100 respectively. The titre was recorded as the reciprocal of the highest dilution completely inhibiting haemagglutination.
A standard plaque reduction NT assay described by Schmidt (1979) was used to determine monoclonal antibody NT titres. The highest dilution giving an 80% or greater reduction in plaque count was taken as the NT antibody endpoint.
Undiluted hybridoma culture fluids and tenfold dilutions of ascitic fluids were checked for measles virus antibodies to membrane-associated and intracellular antigens of measles virus-infected Vero celts by indirect immunofluorescence assays (IFA). Fluorescein-conjugated goat anti-mouse IgG (heavy and light chain, Cappel Laboratories, Cochranville, Pa., U.S.A) was diluted 1 : 150 in 0.01 g-phosphate-buffered saline (PBS), pH 7.2. For IFA membrane staining (IFA-M), unfixed, infected coverslip cultures were reacted with the fluids for 20 min at 5 °C; for intracellular IFA (IFA-F), smears or coverslip cultures of infected cells were fixed in acetone for 10min at room temperature and then reacted with the fluids for 20 min at 37 °C. Following washing in PBS, reaction with the conjugate and additional washing, the coverslips were mounted in Elvanol and examined by epifluorescence with a Zeiss microscope. Controls included reaction with mock-infected Vero cell cultures, reaction of infected cells with conjugate alone, and reaction of sera positive and negative for measles virus antibody.
Preparation ofhybridomas. BALB/c mice were immunized intraperitoneally (i.p.) with an emulsion of 0.5 ml of a sonicated extract of infected HeLa cells at 6 days post-infection (9.4 x 10 s p.f.u./ml) in 0.5 ml of complete Freund's adjuvant. The second and third injections (0.5 ml in culture fluid) were administered i.p. 17 days and 22 days later. Fusion, hybrid selection and propagation were performed according to the protocol of Oi & Herzenberg (1980) . Hybrids reacting by IFA-F were cloned by limiting dilution on BALB/c thymocyte feeder layers. Positive clones were expanded and injected into Pristane-primed mice for ascites production.
The generation and selection of mAb 1-41A have been previously described by Togashi et al. (1981) . Isotopic labelling of infected cellproteins. Vero cells were infected in suspension with measles virus at 7 p.f.u./cell for pulse-chase, and 10 p.f.u./cell for all other experiments, and labelled with [35S]methionine, 200 gCi/ml (sp. act. 1200 mCi/mmol; New England Nuclear). Labelling times are given in Results for each experiment. Mockinfected cultures were labelled in the same manner. Infected and mock-infected cell lysates were prepared by incubating the cells on ice for 1 h in a detergent buffer [0.15 M-NaCI, 10-3 M-EDTA, 0.002 g-Tris-HC1 pH 7.2, 1 Triton X-100, 1 ~ sodium deoxycholate (DOC), 0.1 ~ SDS with 0.28 trypsin-inhibiting units/ml aprotinin] (TX-100/SDS/DOC) (Giraudon & Wild, 1981) , or a detergent buffer of PBS containing 1 ~ Nonidet P40 and I ~ DOC (1 ~o NP40/DOC). After removal of insoluble proteins by centrifugation at 4 °C for 60min at 50000 g, the cell lysates were stored at -70 °C.
Immune precipitation and polyacrylamide gel electrophoresis. Radiolabelled antigens (50 gl) were mixed with ascitic fluid (10 #1) in 0-5 ml detergent buffer and incubated for 2 h on ice. After incubation, 0-1 ml of Protein ASepharose (Sigma) reacted with rabbit anti-mouse IgG (Miles Laboratories) in detergent buffer, was added to precipitate the antigen-antibody complexes. After 3 h incubation on ice, mixing frequently with a vortex mixer, the immune complexes were washed four times with detergent buffer. A human serum control (17164) was immune-precipitated in the same manner, omitting the rabbit anti-mouse IgG reaction. Radiolabelled molecular weight standards (New England Nuclear) and immune complexes were disrupted by boiling 2 to 3 min in a lysis buffer containing 2 ~ SDS and 5 ~ 2-mercaptoethanol (Laemmli, 1970) . SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out as described by Pereira et al. (1982) .
RESULTS

Selection and characterization of monoclonal antibodies to measles virus
Thirteen of 124 hybridoma cultures were positive for anti-measles virus antibodies when tested by IFA-F. Following cloning, two hybridomas stopped producing antibodies, and one was found to be anti-host cell-specific. Ascitic fluids were produced for the remaining 10 hybridomas, and their antibody titres were determined by IFA-F. The hybridoma producing the highest antibody titre, 107, was 2H9c. The titres of the other hybridomas were ~< 104. The m A b 1-41A ascitic fluid also had an antibody titre of 107; however, the I F A -F staining pattern differed substantially from that of mAb 2H9c. A confluent, finely granular staining pattern appeared throughout the cytoplasm with m A b 1-41A, whereas well-defined, variable-sized, fluorescing cytoplasmic inclusions were observed with m A b 2H9c (Fig. 1) . Exposure to X-ray film was 6 days except for lane 3, which was exposed 22 days. Fig. 2 . The human serum and m A b I-41A precipitated a polypeptide of apparent mol. wt. 79 000 which corresponds with that of the reduced dimer of measles virus H A (Mountcastle & Choppin, 1977; Tyrrell & Norrby, 1978; Graves et al., 1978 ; Vainionpaa et al., 1978) . The human serum 17164 also precipitated proteins of mol. wt. comparable to nucleoprotein (60000) and haemolysinfusion protein fractions (40000). The presence of cellular actin in all three immune precipitates at 46000 tool. wt. is the result of non-specific sticking of this protein to Protein A-Sepharose (Stallcup & Fields, 1981; L u n d & Salmi, 1981) . After 6 days exposure to the X-ray film, only actin was apparent in the m A b 2H9c immune precipitate. After 22 days exposure, a faint band at mol. wt. 79000 became apparent. To determine whether the 69 000 tool. wt. protein immune-precipitated by the anti-HA monoclonal antibodies was a biosynthetic intermediate of HA, pulse--chase experiments using the 1 NP40/DOC detergent buffer were performed (Fig. 4) Fig. 3 , for the pulse, pulse--chase and 22 to 48 h antigen label. The 69000 mol. wt. protein appeared to increase in concentration in the chased preparation w h e n c o m p a r e d with the pulse-labelled antigen, thereby m i n i m i z i n g the probability that the 69000 mol. wt. protein is an H A biosynthetic intermediate.
Reactivity of monoclonal antibodies in IFA-M and IFA-F kinetic studies
The following time studies were designed to characterize mAb 2H9c and mAb 1-41A in relation to the appearance of HA polypeptides on the membrane surface and within measles virus-infected cells. Vero cells were infected at 6 p.f.u./cell. IFA-M and IFA-F were performed with infected and mock-infected coverslip cultures at 18, 36, 54 and 72 h post-infection. At 18 h, with no cytopathic effect (c.p.e.) apparent, cultures were IFA-M-and IFA-F-positive with mAb 1-41A, and negative with mAb 2H9c (Table 1) . The qualitative and quantitative IFA staining reactivity ofmAb 2H9c lagged 18 to 36 h behind that ofmAb 1-41A (Fig. 1) . Cultures were IFA-M-and IFA-F-positive with mAb 2H9c at 54 and 36 h, respectively. The quantity and intensity of IFA staining increased with time of culture.
To ensure that the results obtained were not a reflection of unique polypeptide production in a particular cell line, the IFA-M experiments were repeated using BGMK, HFDL and HFDK cells. The results were comparable with those obtained for Vero cells. All infected cultures were IFA-M-positive with mAb 1-41A at 18 to 24 h post-infection, whereas mAb 2H9c remained negative for IFA-M until 54 to 72 h after infection.
DISCUSSION
Hybridoma monoclonal antibodies can be highly specific reagents to study the topographical arrangement of measles virus HA epitopes. Thus far, monoclonal antibodies have been used for the detection of antigenic variation among HA molecules (Birrer et al., 1981 ; Trudgett et al., 1981) and the classification of potential binding sites into groups according to the serological activity and the competitive binding characteristics of their respective monoclonal antibodies (ter Meulen et al., 1981; Carter et al., 1982) .
In the presence of various detergent buffers, the HA polypeptide appears either as one band with an apparent mol. wt. of 79 000 or two bands of approx. 79 000 and 69 000 mok wt. (Fig. 2 to  4) . This was demonstrated with mAb 1-41A, mAb 2H9c, and two other monoclonal antibodies kindly provided by Dr T. F. Wild, Lyon, France, and Dr D. E. McFarlin, NIH, Bethesda, Md., U.S.A. (The latter two monoclonal antibodies had comparable immunological reactivity to mAb 1-41A in IFA-F, HI, NT and SDS-PAGE assays and therefore the data are not presented.) The reason for the presence of two bands when the immune precipitates are treated with 1 NP40/DOC, 1 ~ NP40 or 0.5 ~ DOC detergent buffers with or without aprotinin, and one band with the TX-100/SDS/DOC buffer is apparently due to the reactivity of SDS in the latter buffer. Dimitriadis (1979) describes Triton X-100 and NP40 as mild non-ionic detergents with similar rigid and bulky apolar moieties resulting in comparable reactivity in antigen-antibody reactions. However, the addition of the ionic detergent SDS to these detergents substantially changes the chemical nature of the buffers. The lack of precipitation of the 69 000 tool. wt. protein in the presence of 0.1 ~ SDS may be due to a covering-up of combining sites by bound detergent, a change in conformation of the reactants, or the disruption of non-covalent forces (Crumpton & Parkhouse, 1972) . The pulse-chase experiment data (Fig. 4) support two reasons for suggesting that this protein is a breakdown product of the HA protein rather than a biosynthetic intermediate. First, the biosynthetic intermediate forms of the HA protein described by Bellini et al. (1983) , ranging from the unglycosylated 65 000 mol. wt. protein to the plasma membrane-associated protein of 76000 mol. wt., were immune-precipitated in the presence of a TX-100/SDS/DOC detergent buffer. The unglycosylated form was never observed without pretreatment of cells with tunicamycin. Second, the pulse-chase data from Fig. 4 show that the 69000 tool. wt. protein does not appear to chase into the 79000 mol. wt. protein.
Data obtained by HI, NT, IFA-M, IFA-F and SDS-PAGE suggest that mAb 1-41A and mAb 2H9c recognize different epitopes on the HA polypeptide. The IFA kinetic data demonstrate that mAb 1-41A reacts with an HA epitope present 18 h post-infection at a m.o.i, of 6, while mAb 2H9c fails to detect intracellular measles viral antigen until 36 h and membrane antigen until 54 h after infection. The mAb 2H9c did not immune-precipitate HA polypeptides, using either the 1 ~ NP40/DOC or the TX-100/SDS/DOC detergent buffers with antigen that was radiolabelled, from 22 to 48 h post-infection ( Fig. 2 and 4) . However, using antigen radiolabelled from 44 to 72 h, the immune precipitates ofmAb 2H9c are identical to those ofmAb 1-41A (Fig. 3 ). Since both monoclonal antibodies are reacting with HA, according to the immune precipitation data, mAb 2H9c apparently is not reacting with a late protein, but with an HA epitope that appears or becomes exposed late in infection. The appearance of this epitope may be the result of a conformational alteration of the HA protein.
